Abstract As part of a project aiming to characterize the role of maize plastidial transglutaminase (chlTGZ) in the plant chloroplast, this paper presents results on stress induced by continuous chlTGZ over-expression in transplastomic tobacco leaves. Thylakoid remodelling induced by chlTGZ over-expression in young leaves of tobacco chloroplasts has already been reported (Ioannidis et al. in Biochem Biophys Acta 1787:1215-1222 , 2009 ). In the present work, we determined the induced alterations in the photosynthetic apparatus, in the chloroplast ultrastructure, and, particularly, the activation of oxidative and antioxidative metabolism pathways, regarding ageing and functionality of the tobacco transformed plants. The results revealed that photochemistry impairment and oxidative stress increased with transplastomic leaf age. The decrease in pigment levels in the transformed leaves was accompanied by an increase in H 2 O 2 and lipid peroxidation. The rise in H 2 O 2 correlated with a decrease in catalase activity, whereas there was an increase in peroxidase activity. In addition, chlTGZ over-expression lead to a drop in reduced glutathione, while Fe-superoxide dismutase activity was higher in transformed than in wild-type leaves. Together with the induced oxidative stress, the over-expressed chlTGZ protein accumulated progressively in chloroplast inclusion bodies. These traits were accompanied by thylakoid scattering, membrane degradation and reduction of thylakoid interconnections. Consequently, the electron transport between photosystems decrease in the old leaves. In spite of these alterations, transplastomic plants can be maintained and reproduced in vitro. These results are discussed in line with chlTGZ involvement in chloroplast functionality.
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Introduction
Transglutaminases (TGases, EC 2.3.2.13) are intracellular and extracellular enzymes that catalyse post-translational modification of proteins by establishing e-(c-glutamyl) links and covalent conjugation of polyamines or lysine. TGase enzymes modify structural proteins (Folk 1980; Lorand and Graham 2003) and are widely distributed in bacteria, animals and plants. TGase activity in plants has been detected in different compartments including chloroplasts (Del Duca et al. 1994; Bernet et al. 1999; Villalobos et al. 2001 Villalobos et al. , 2004 . In chloroplasts, TGases can interact with photosystem II proteins (LHCII, CP29, CP26, CP24), catalysing their modification by polyamines in a light-dependent way (Della Mea et al. 2004) . Also, in sunlight conditions, TGases play a role in photoprotective processes, increasing activity during maximal light intensity (Pintó-Marijuan et al. 2007) .
It is known that environmental stresses may damage cells either directly or indirectly, through the formation of reactive oxygen species (ROS) (Asada 1999; Buchanan et al. 2000) . It has been described that, under stress conditions implicating ROS formation, the reduction of O 2 to superoxide radicals (O 2 Á-) is accelerated, and these are immediately converted to hydrogen peroxide (H 2 O 2 ) by SOD (Asada 1999) . This has been reported under abiotic and biotic stress situations that can give rise to oxidative damage in the chloroplasts (Hernández et al. 1995; DiazVivancos et al. 2008) . To mitigate and repair damage initiated by ROS, plants have developed a complex antioxidant system. The primary components of this system include carotenoids, ascorbate, glutathione, tocopherols and enzymes such as superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), glutathione peroxidase (GPX, EC 1.11.1.9), peroxidases and the enzymes involved in the ascorbate-glutathione cycle (ASC-GSH cycle): ascorbate peroxidase (APX, EC 1.11.1.1), dehydroascorbate reductase (DHAR, EC 1.8.5.1), monodehydroascorbate reductase (MDHAR, EC 1.6.5.4) and glutathione reductase (GR, EC 1.6.4.2) (Noctor and Foyer 1998; Buchanan et al. 2000) . Many components of this antioxidant defence system can be found in different subcellular compartments (Jiménez et al. 1997; Hernández et al. 2000 Hernández et al. , 2001 Díaz-Vivancos et al. 2006) . In this present work, as part of a wide project aiming to characterize the role of plastidial TGase in plants, we studied the stress induced in tobacco leaves by continuous over-expression of chlTGZ, in relation to leaf ageing. Fluorescence parameters, changes in chloroplast ultrastructure and, in particular, the activation of oxidative and antioxidative metabolism were analysed, and the results discussed in line with chlTGZ involvement in chloroplast functionality.
Materials and methods

Chloroplast transformation, plant regeneration and Southern blot analysis
Leaves from in vitro-grown tobacco plants (Nicotiana tabacum var. Petite Havana; National Germplasm Resources Laboratory, Beltsville, MD, USA) were bombarded with gold microprojectiles (0.6 lm) coated with plasmid DNA containing the maize transglutaminase sequence. The leaves were then subjected to two rounds of selection on Murashige and Skoog (MS) regeneration medium, containing 500 lg/ml spectinomycin. Vector construction, transformation, regeneration and DNA analysis were as published in Ioannidis et al. (2009) .
Plant material and time course conditions
Plant material was maintained always in MS medium including vitamins, 2% sucrose, 3 g/l phytagel and supplemented with 500 mg/l of spectinomycin. The growth conditions of culture chamber were 28°C, photon flux density of 100 lmol m -2 s -1 and 16 h light/8 h darkness photoperiod.
For time course analyses, nodal segments of 8 wild type (Wt) tobacco plants and 48 transplastomic plants, expressing TGZ13, were grown in MS medium containing 2% sucrose and 3 g/l phytagel using the same growth conditions. Transplastomic plant media were supplemented with 500 mg/l of spectinomycin. After 8 weeks, plants were grown in a continuous light of 100 lmol m -2 s -1 for 72 h. Leaf samples of four plants were harvested at different times.
Western-blot analysis
Transformed and untransformed leaves from in vitrogrown plants were ground in liquid nitrogen and 100 mg resuspended in 7 vol. of protein extraction buffer [100 mM Tris-HCl (pH 6.8), 4% SDS, 10% glycerol (v/v), 10% 2-mercaptoethanol], boiled for 5 min at 95°C and centrifuged at 11,900g for 5 min. Total protein corresponding to 57 lg of leaf fresh weight was loaded per well and electrophoresed in a 10% polyacrylamide gel. TGZ13 protein expressed in Escherichia coli was used as a positive control. Separated proteins were transferred to a nitrocellulose membrane for immunoblotting. A polyclonal antibody raised against TGZ4 protein was used as the primary antibody, at 1:5,000 dilution, and a peroxidase-conjugated goat anti-rabbit IgG (A0545, Sigma-Aldrich, Madrid, Spain) as the secondary antibody, at 1:15,000 dilution. Detection was performed using the ECL Western-blotting detection system (GE Healthcare, Little Chalfont, UK).
ELISA quantification of the recombinant protein
Total protein from pale green (PG), yellow (Y) and white (W) leaves from transformed plants was extracted using the same protocol as previously described for Western-blot analysis. Samples were bound to a 96-well high binding microtitre plate (Corning Inc., Corning, NY, USA) overnight at 4°C. Background was blocked with 1% (w/v) skimmed milk in PBS containing 0.1% Tween-20 (PBS-TM) for 1 h at RT, washed three times with PBS containing 0.1% Tween-20 (PBS-T), and then incubated for 1 h at RT with the polyclonal antibody anti-TGZ4 at 1:1,600 dilution in PBS-TM. The wells were washed three times with PBS-T and incubated with a 1:70,000 dilution of rabbit anti-mouse IgG-peroxidase conjugate (SigmaAldrich) in PBS-TM (1 h at RT). Plates were developed with ABTS following the manufacturer's instructions (Roche, Indianapolis, IN, USA). The reaction was stopped after 2 h with 1% SDS and read at 405 nm in a Multiskan microtitre reader plate (Thermo LabSystems, Beverly, MA, USA). A standard curve to calculate the amount of recombinant protein was made by plating purified chlTGZ protein (Carvajal-Vallejos et al. 2007 ). The amount of purified chlTGZ was determined by the Bradford protein assay following the manufacturer's protocol (Bio-Rad Laboratories, Hercules, CA, USA) using bovine serum albumin as the standard. Transgenic leaf extracts were diluted in PBS (pH 7.4) to fit into the linear range of the TGZ13 standard curve.
TGase activity
TGase activity in the presence of 0.6 mM cold Put and 185 kBq [1.4(n) -3 H] Put (specific activity 962 GBq/mmol) was determined in protein extracts of tgz-transformed and Wt tobacco leaves. The light conditions, pH, enzyme mixture and subsequent reactions were as described by Villalobos et al. (2001) .
Chlorophyll fluorescence measurements
A portable modulated fluorimeter (Mini-Pam Photosynthesis Yield Analyser, Walz, Effeltrich, Germany) was used to measure chlorophyll fluorescence in leaves as described in Fleck et al. (1998) . After clamping the leaf-clip holder onto the leaf, the actual fluorescence, F, was monitored to ascertain that it was stable (weak measuring beam). The maximum fluorescence yield F (Genty et al. 1989) . After these measurements were taken, the leaves were wrapped in aluminium foil to obtain dark-adapted fluorescence values: F 0 , F m and, F v /F m (potential quantum yield of PS II). The adaptation time was at least 20 min after which the F v /F m values reach about 95% of the pre-dawn values (Fleck et al. 1998) . Parameters Krall and Edwards (1992) using ETR = U PSII 9 PPFD 9 0.5 9 0.82, where PPFD is the photosynthetic photon flux density, 0.5 a factor that assumes equal distribution of energy between the two photosystems, and 0.82 the light absorbance.
Photosynthetic pigments
Photosynthetic pigment content was determined according to Lichtenthaler (1987) .
TEM observations
Ultrastructure
Tobacco leaf thin sections (less than 0.5 mm) were fixed by vacuum infiltration with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. After washing, they were fixed in osmium tetroxide for 2 h in the same buffer, dehydrated through an acetone series and embedded in Spurr resin by infiltration. The blocks were polymerized for 48 h at 60°C. Ultrathin sections were obtained with an Ultracut UCT ultramicrotome (Leica) using a diamond knife, and mounted on gold grids (200 mesh).
Subcellular immunolocalization
Tobacco leaf slices were fixed with 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at 4°C. After washing, samples were dehydrated through an ethanol series and embedded in Lowicryl K4M resin (Pelco International, Redding, CA, USA) at -35°C. Blocks were polymerized under a UV lamp at -20°C for 24 h and ultrathin sections were mounted on gold grids. The primary antibody AbTGZ4 (CarvajalVallejos et al. 2007 ) was used at 1:5,000 dilution and a gold-affinipure anti-mouse IgG was used as the secondary antibody. Control samples were treated only with blocking solution or pre-immune serum following the same protocol. The sections were examined under a Jeol-JEM-1010 transmission electron microscope at 80 kV.
Enzyme extraction
All operations were performed at 4°C. Young upper and middle leaves, corresponding to PG and Y leaves of transformed plants, were used for antioxidant enzyme determination. Equivalent leaves were used in Wt plants. Leaf material (2 g) was homogenized with a mortar and pestle in 4 ml of ice-cold 50 mM Tris-acetate buffer (pH 6.0), 0.1 mM EDTA containing 2 mM cysteine, 2% (w/v) PVPP, 0.1 mM PMSF and 0.2% (v/v) Triton X-100. For APX activity, 20 mM sodium ascorbate was added. The homogenate was centrifuged at 11,900g for 20 min and the supernatant fraction filtered through Sephadex G-25 NAP columns (GE Healthcare), equilibrated with the same buffer used for the homogenization, with or without 5 mM sodium ascorbate.
Enzymatic determinations and assays APX, DHAR, MDHAR, GR, SOD and catalase activities were assayed according to previously published protocols, as described by Hernández et al. (2006) , and POX activity according to Ros Barceló et al. (2006) . Enzyme activities were corrected for non-enzymatic rates and for interfering oxidations (Hernández et al. 1999) . Glutathione peroxidase (GPX) activity was determined according to Overbaugh and Fall (1985) , measuring the formation of GSSG coupled to the oxidation of NADPH, at 340 nm, catalysed by commercial GR (Sigma). Glutathione-S-transferase (GST) activity was analysed according to Habing and Jakoby (1981) , based on the increase of absorbance at 340 nm due to the formation of a conjugated compound by the reaction of GSH with 1-chloro-2,4-dinitrobenzene (CDNB). NADHoxidase/peroxidase was measured by monitoring the decrease in absorbance at 340 nm due to NADH oxidation, in a reaction mixture containing 50 mM Tris-acetate buffer pH 6.0, 0.2 mM NADH, the peroxidase activators p-coumaric acid (25 lM) and MnCl 2 (5 mM), and the enzyme extract (Patykowski and Urbanek 2003) . NADH-oxidase/ peroxidase was measured in the presence or in the absence of 1 mM KCN. The activities were calculated from the molar extinction coefficient of 6.3 M -1 cm -1 for NADH. Chlorophyll content, after extraction with 80% acetone, was determined according to Arnon (1949) , and the concentration of substances reacting with thiobarbituric acid (TBARS) was used to give an estimate of lipid peroxidation in seeds and leaves (Cakmak and Horst 1991) .
Hydrogen peroxide, lipid peroxidation and glutathione analyses
The measurement of H 2 O 2 content in leaves was based on the peroxide-mediated oxidation of Fe 2? , followed by the reaction of Fe 3? with xylenol orange (Bellincampi et al. 2000) . Because this method is not strictly specific for H 2 O 2 , but will detect other water-soluble peroxides with a slightly lower sensitivity, 1% ethanol was included in the reagent that enhances sensitivity of the assay by about 50% (Cheeseman 2006) . Leaf material (1 g) was homogenized with 2 ml of cold 5% meta-phosphoric acid. The homogenate was centrifuged at 13,000g for 15 min, at 4°C, and the supernatant collected for analysis of H 2 O 2 content. Each sample determination was corrected with its own standard (sample plus the same amount of distilled H 2 O instead of the reactive).
To give an estimation of lipid peroxidation, the concentration of substances reacting with thiobarbituric acid (TBARS) was used. Tobacco leaves (500 mg) were homogenized in 1 ml 0.1% TCA solution, the homogenate centrifuged at 15,000g for 10 min and 0.5 ml of the supernatant obtained was added to 1.5 ml 0.5% TBA in 20% TCA. The mixture was incubated at 90°C in a water bath for 20 min, and the reaction was stopped by placing the reaction tubes in an ice-water bath. Then, the samples were centrifuged at 10,000g for 5 min, and the absorbance of the supernatant was read at 532 nm. The value for nonspecific absorption at 600 nm was subtracted, and the amount of TBARS (red pigment) was calculated from the extinction coefficient 155 mM -1 cm -1 (Cakmak and Horst 1991) .
Reduced (GSH) and oxidized (GSSG) glutathione were assayed according to the methods of Zhang and Kirkham (1996) . Leaf samples were prepared by homogenizing 1 g of leaf material (FW) in 2 ml of cold, 5% meta-phosphoric acid. The homogenate was centrifuged at 13,000g for 15 min, at 4°C, and the supernatant collected for the analysis of glutathione. Aliquots (500 ll) were neutralized with 750 ll of 0.5 M K-phosphate buffer (pH 7.5) and 25 ll of MilliQ water was added. This sample was used to assay for total glutathione (GSH ? GSSG). Another 500-ll aliquot was neutralized with 750 ll of 0.5 M K-phosphate buffer (pH 7.5), then an emulsion was formed with 25 ll of 2-vinylpyridine, added to mask GSH. This second sample was incubated for 60 min at room temperature and used to assay for oxidized glutathione (GSSG). GSH was calculated as the difference between total glutathione and GSSG. The glutathione content was measured in a 3-ml reaction mixture containing 0.2 mM NADPH, 50 mM K-phosphate buffer (pH 7.5), 5 mM EDTA, 0.6 mM DTNB, and 3 units of GR. The reaction was started by adding 0.1 ml of extract sample obtained as described above. The reaction rate was monitored by measuring the change in absorbance at 412 nm for 1 min. The standard curve was based on GSH in the range 0-100 lM.
Electrophoretic analysis
To separate SOD, catalase, GR and POX isozymes, nondenaturing PAGE was performed on 10 and 7% (for catalase) acrylamide gels, using a Bio-Rad Mini-protean III dual slab cell. In all cases, 60 lg of protein per lane was used in native gels. Staining of peroxidase isoenzymes with 4-methoxy-a-naphthol (4MN) was performed as described by Ros . Catalase activity was determined by incubating the gels in 3.5 mM H 2 O 2 for 5 min, rinsing in distilled water and staining in 1% potassium ferricyanide and 1% ferric chloride for 5 min (Scandalios 1968) . GR activity was detected in gels by incubation in 50 ml of 0.1 M Hepes-NaOH, 1 mM EDTA, 3 mM MgCl 2 (pH 7.8) containing 10 mg 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 10 mg 2,6-diphenilindophenol, 3.5 mM GSSG and 0.5 mM NADPH (Madamanchi et al. 1992) . SOD isozymes were localized by the photochemical method of Weisiger and Fridovich (1973) and SOD isoenzymes identified by selective inhibition with KCN or H 2 O 2 (Hernández et al. 1999 ).
Statistical analysis
All statistical procedures were done using SPSS for Windows (SPSS for Windows v. 14.0, SPSS Inc., Chicago, IL, USA). Analyses of variance (ANOVA) were used to test the main effects and interactions against appropriate error terms. Post hoc Duncan's or Tukey's test was applied where appropriate. Statistical significance was set at P B 0.05. The number of replicates is indicated in the table and figure legends.
Results
Phenotype of tgz-transgenic plants
Homoplasmic transgenic plants presented abnormal phenotypes with respect to the leaf colour. The colour intensity was proportional to its maturation stage, the more mature leaves being the palest (Fig. 1a) . The youngest pale green leaves (PG) on the upper part of the plant showed normal development. The middle part, with yellow leaves (Y) leaves, had pigment deficiencies, impairment in the photochemistry of photosynthesis and increased stress symptoms. The more mature white leaves (W) at the basal part of the plant were leaves with dead tissues and collapsed metabolism. After transplanting, plants were not able to set seed, and died, so were maintained in vitro.
Immunoblot analysis and TGZ content in the different leaf types
The PG, Y and W leaves from homoplasmic transgenic plants (Fig. 1a) were characterized by immunoblot and enzyme-linked immunosorbent assay (ELISA). In both cases, the recombinant chlTGZ protein was detected using AbTGZ4 (see ''Materials and methods''). In Western blotting (Fig. 1b) , chlTGZ expressed in transformed E. coli cells (Bact lane) was detected as a clear band of the expected size (55 kDa). However, plant protein extracts from transgenic plants gave multiple bands, although the 55 kDa band gave the highest signal. There was a very minor cross-reaction between AbTGZ4 and the Wt tobacco proteins (see rectangle at 75 kDa approximately), probably due to the specificity of AbTGZ4 against maize TGase.
ELISA quantification of chlTGZ in the transplastomic leaves confirmed that the highest protein production level (approximately 1.1 mg g -1 FW) was in PG leaves ( Fig. 1c) and the lowest in the older W leaves (nearly twofold less than in PG leaves). As expected, no chlTGZ protein was detected in Wt plants using ELISA quantification.
TGase activity and chlTGZ accumulation under continuous irradiation
The tgz gene was expressed in tobacco chloroplasts under the control of the plastid psbA gene promoter. The 5 0 -untranslated region of this promoter regulates the ) . NPQ values were higher in transformed than in Wt leaves (Table 1) . White leaves, with a bleached aspect and physiologically collapsed, were not analysed.
Photosynthetic pigment composition
There was also a significant decrease, Wt [ PG [ Y, for chlorophyll (a, b, total and Chl a/Chl b ratio) and carotenoids content (Table 1) . However, the total Chl/carotenoid ratio in PG and Y leaves was maintained. Pigment composition in W leaves was residual and is not presented.
Chloroplast ultrastructure and protein co-immunolocalization
The thylakoidal structure of a Wt chloroplast, with normal thylakoid stacking and visible interconnections of stromal thylakoids, is shown in Fig. 3a . The chloroplast structure of transformed plants was a consequence of TGase action and chloroplast age. Figure 3b shows a PG chloroplast with an increased grana appression both in stacking size and in number of membranes (approximately double that of the Wt), but very few stromal thylakoids. These chloroplasts also had starch grains and sometimes, as in this case, a residual part of the prolamellar body lattice, an indication of a young chloroplast. Figure 4a shows a dividing PG chloroplast with a prominent granum (0.9 lm height) of 46 stacked thylakoids. As can be seen, the stroma thylakoid network was reduced in the more stacked grana structures with respect to that of the less stacked grana. A welldefined chloroplast envelope and some plastoglobuli are also visible. Figure 4b shows Y chloroplasts, with the most distinctive trait being a prominent inclusion body (IB), reaching a diameter of 1.5 lm, indicating that these chloroplasts were mostly converted into proteinoplasts. The size of the IBs increased in detriment of number and size of starch granum that finally disappeared. Although prominent grana can sometimes be observed in Y chloroplasts (border of the upper chloroplast in Fig. 4b ), normally there were disorganized thylakoid structures, as can be seen in the lower chloroplast in Fig. 4b . The ultrastructure of W leaves was that of a nonfunctional tissue, showing empty cells with degraded cell walls and a major lack of organelles (data not presented).
The chlTGZ over-expressed protein, visualized by immunolocalization using AbTGZ4 (Carvajal-Vallejos et al. 2007 ), appears as a high number of spots within the IBs of PG and Y chloroplasts (Fig. 4c) . Finally, chlTGZ was purified from chloroplast IBs of transplastomic plant protein extracts and identified by MALDI-TOF analysis (data not presented).
Enzymatic and oxidative stress parameters determinations
Over-expression of chlTGZ in chloroplasts produced oxidative stress in tobacco plants as judged by the increase in lipid peroxidation (TBARS) and hydrogen peroxide (H 2 O 2 ) content in leaves (Table 2) . TBARS increased both in PG (nearly tenfold) and Y leaves (threefold) compared to Wt plants. H 2 O 2 content was higher in transgenic than in Wt plants. In addition, glutathione content was lower in transgenic than in Wt plants, due to a decrease in the levels of its reduced form (GSH), although the redox glutathione balance did not present significant changes (Table 3) . Table 4 shows the activity of some antioxidant enzymes. NADH-oxidase/peroxidase was measured in the presence or in the absence of KCN, and activity was inhibited up to 99% in the presence of 1 mM KCN. In Wt plants, most of the values were similar in both upper and middle leaf types (APX, MDHAR, GR, CAT, POX, GST and SOD). However, DHAR and G6PDH activity values were higher in Wt upper leaves, whereas NADH-POX values were higher in Wt There was a moderate increase in APX, MDHAR, DHAR, G6PDH, and SOD with a major increase in POX, NADH-POX in transgenic plants. However, a decrease in CAT activity (near 50%) was recorded in both PG and Y leaves, whereas the expression of the tgz gene produced a decrease in GST activity only in Y leaves. Native PAGE revealed three main bands with GR activity in tobacco leaves, with an Rf of 0.100, 0.200 and 0.377, respectively (Fig. 5a ). Only one isozyme with CAT activity (Rf 0.185) was detected in both leaf types but the band intensity was much higher in Wt than in transgenic Fig. 3 plants (Fig. 5b) . These results correlated with that observed in kinetic measurements (Table 4) . Regarding POX staining, three bands with POX activity were detected in native gels in both Wt and transgenic plants, with an Rf of 0.183, 0.350 and 0.417, respectively (Fig. 5c ). These in-gel results agree with the POX activity increase detected in transgenic plants, and are mainly due to the POX isozymes having a higher mobility ( Fig. 5c ; Table 4 ). Leaf age affected the isozyme pattern of SODs. Native PAGE revealed five SOD activity bands in Wt upper leaves according to sensitivity to both inhibitors (Fig. 6a) : a Mncontaining SOD (Rf 0.192), resistant to KCN and H 2 O 2 , two Fe-SODs, named I and II (Rfs 0.375 and 0.442) in the order of increasing mobility and resistant to KCN but inhibited by H 2 O 2, and finally, two CuZn-SODs named I and II (Rfs 0.500 and 0.583, respectively), sensitive to both inhibitors. However, in Wt middle leaves the intensity of the CuZn-SOD bands was lower than in Wt upper leaves, whereas in transformed plants only Mn-SOD and Fe-SOD isozymes were clearly observed, with the Fe-SOD bands being stronger in leaves from transformed than in Wt plants. In Fig. 6b , the SODs activities of Wt and transformed leaves are presented. MnSOD activity was two times higher in Wt middle leaves than in upper leaves, whereas CuZnSOD activity was lower in middle than in upper leaves. In leaves from transformed plants, only Mnand Fe-SOD activity was detected. There was a decrease in Mn-SOD activity in Y leaves compared to PG and Wt middle leaves. In transformed plants, the main SOD activity was due to Fe-SOD isozymes. The Fe-SOD activity was threefold higher in PG than in Wt upper leaves, whereas in Y leaves the increase in FeSOD activity was up to 2.4-fold higher in relation to Wt middle leaves.
Discussion
As already demonstrated in a previous paper (Ioannidis et al. 2009 ), tgz-transplastomic tobacco chloroplasts presented variations in the thylakoidal membrane organization compared to Wt chloroplasts and it has been suggested that chlTGZ plays an important functional role in the formation GSH glutathione reduced form, GSSG glutathione oxidized form, GSH/GSH ? GSSG redox glutathione, nd not detectable of grana stacks, probably due to antenna protein polyaminylation. Among the different leaves present in transformed tobacco plants, the leaves at an early stage of development (i.e. PG leaves) were the best model to study the functional response related with chlTGZ over-expression. The induced thylakoid remodelling still permitted a balance between pigment content, photosynthetic parameters and chloroplast ultrastructure that conformed a certain metabolic equilibrium and balanced growth (Ioannidis et al. 2009 ). However, in the case of Y leaf chloroplasts, stress symptoms were clearly visualized in the present work: a major presence of inclusion bodies (containing the overexpressed protein), progressive reduction of stacked membranes and stroma thylakoids, and a very low starch accumulation. The driving force for all these phenomena was the over-expression of chlTGZ in the chloroplast, with a primary effect on thylakoid remodelling and a secondary effect that induced stress during ontogeny, as a consequence of chloroplast damage.
Thylakoid remodelling of tobacco chlTGZ over-expressers was not an adaptation to changes in environmental light conditions, since the plants were grown under a constant PPFD and Wt plants growing under the same light conditions did not show these features. However, the presence in PG leaves of an effective PSIIa antenna size increase, observed in the previous work, seems to simulate shade adaptation, as they have greater grana stacking than Wt tobacco leaves. The lack of a steady state due to the energetic connectivity decrease between PSII centres leads to a number of alterations regarding the functionality of the photosynthetic apparatus that increased with leaf ageing, as demonstrated in the present work. Stroma lamellae are one of the major sites of ATPase (Anderson and Anderson 1988 ) and a chloroplast with severely reduced stroma lamellae would not accommodate as many ATPases to support adequate electron transport and energetic efficiency, causing a stress situation. In fact, ETR rates compared to the Wt decreased by 50% in PG and 92% in Y leaves. Less ATPases implicates less ''proton channels'' and higher DpH between stroma and lumen during illumination (Kramer et al. 2003) . These features set the stage for the initiation of leaf oxidative stress, as we have analysed in the present work. As a result of its excessive over-expression, the protein was accumulated in the IBs, which, being more than 1 lm in size represented an internal chloroplast disturbance, interfering with thylakoid connections and acting as a scattering factor for thylakoid conformation. In consequence, the oxidative process accompanied by the mechanical IB action resulted in the low thylakoid presence observed in Y leaves. In these circumstances, the chloroplast was converted into a proteinoplast, presenting metabolic breakdown.
Due to all these alterations, the energy originated by light absorption in tgz-transformed plants may well exceed that used for photosynthesis (with low ETR rates compared to Wt and also strongly reduced Chl a and b content), thereby favouring an increased production of reactive oxygen species (ROS) in the chloroplast. Photosynthetic electron transport in chloroplasts is inevitably accompanied by the reduction of O 2 to O 2 Á-at the PSI reduction site and any perturbation in the photosynthetic process, as in our case, results in the formation of ROS, which probably originates from PSI, ferredoxin, or excited chlorophyll, as described by Asada (1999) . The reason for the low NPQ values in the Wt is the occurrence of a higher ETR in these light conditions, making unnecessary the dissipation of energy excess as heat. Nevertheless, the NPQ increase observed in transformed leaves may be due to the fact that the increased stacking in PG or the increased antenna size, implying a reduction in ETR rates are contributing factors to the NPQ values, since there is a drop in total carotenoids. Although the conformational changes induced in LHCII, CP29, CP26 and CP24, the normal susbstrates of TGase, by means a polyaminilation, can also promote the energy dissipation (Ioannidis et al. 2009 ). The NPQ observed in Y transformed leaves could reflect an increased necessity for safe dissipation of the light energy excess as heat (taking into account the low number of thylakoid connexions in these leaves), in an attempt to prevent the production of harmful species such as 1 O 2 , especially with the strong decline in their photochemical quenching (qP) observed with leaf ageing.
In transgenic plants there was also a reduction in the photochemical quenching parameter (qP), according with leaf ageing. As previously described, a loss in qP is associated with ROS generation in chloroplasts (Fryer et al. 2002) . In addition, the F v /F m reduction in transgenic tobacco was also correlated with leaf age, and the observed values much lower than 0.8 indicated a marked photoinhibition of photosynthesis. All these conditions lead to a higher chloroplastic ROS generation. The described situation showed certain similarities with a senescence process. Leaf senescence is known to be an oxidative process which involves general cell damage (Haliwell and Gutteridge 2003) . During senescence, there is a major enhancement of ROS generation, initiating the breakdown of thylakoid membrane lipids, chloroplast envelope and other cell membranes, and rapid inhibition of photosynthesis (Thompson 1988) . Recently, it has also been suggested that chloroplasts may be a source of ROS in pea plants infected with Plum pox virus (Diaz-Vivancos et al. 2008) . However, leaf senescence is a regulated process that corresponds to the last stage in leaf development. Several reports of senescence-associated genes (SAGs) have appeared (Espinoza et al. 2007 ).
The oxidative stress induced by chlTGZ over-expression is also in accordance with the results on lipid peroxidation and H 2 O 2 content (see Table 2 ). These oxidative stress symptoms were paralleled with the alteration of fluorescence parameters and internal chloroplast membranes. This response correlated to a drop in glutathione levels, essentially due to a decrease in its reduced form (GSH) ( Table 3 ). However, we obtained a low H 2 O 2 contents in in vitro tobacco plants. This can be due to the low fresh weight/volume ratio used in the extraction procedure. It has been recently described that concentrated extracts yielded much lower leaf H 2 O 2 than the dilute ones. Extraction efficiency decreases as fresh weight increases (Queval et al. 2008) .
It is well known that, in higher plants, catalase is localized mainly in peroxisomes , and a decrease in CAT activity could contribute to an increase in peroxisomal H 2 O 2 that could also diffuse through the peroxisomal membrane into the cytosol (del Jiménez et al. 1998) . A similar result has been described in senescent pea leaves (Pastori and del Rio 1997) and spinach leaves (Landolt and Matile 1990) . The transient accumulation of H 2 O 2 in tobacco transplastomic leaves could increase the risk of oxidative damage. This H 2 O 2 accumulation could be explained by three different mechanisms: (a) the increase in its apoplastic level due to the major increase in NADH-POX activity (Table 4) , (b) the decrease of catalase activity up to 50%, and (c) due to the thylakoidal membrane alterations produced, it is possible that an imbalance in the chloroplastic electron chain occurred, inducing electron deviation to oxygen and producing superoxide radicals (O 2 Á-), immediately converted to H 2 O 2 by SOD (Asada 1999) . Moreover, H 2 O 2 could have diffused through the chloroplastic membranes to the cytosol, spreading the oxidative stress to other cell compartments.
In agreement with Kurepa et al. (1997) , young leaves from tobacco plants contained five different SOD isozymes: MnSOD in mitochondria, Fe-SOD in chloroplasts, CuZn-SOD I in cytosol, and CuZn-SOD II in chloroplasts (see Fig. 6 ). These authors described a decrease in chloroplastic CuZn-SOD activity with increasing leaf age and no detectable activity in senescent leaves as in our transformed leaves. In tobacco chlTGZ over-expressers, the most abundant SOD was chloroplast Fe-SOD, being the most important SOD protecting against the oxidative stress induced in these chloroplasts: as a result of the O 2 Á-dismutation by SOD, H 2 O 2 is produced. Interestingly, CuZn-SODs and Fe-SODs are affected by H 2 O 2 to a different extent: CuZn-SOD is completely inactivated whereas Fe-SOD is inactivated to 90% (Kanematsu and Asada 1994) . This residual H 2 O 2 -resistant activity, observed only in the transformed chloroplasts (see Fig. 6a ), may play an important role during stress situations, as observed in senescent pea leaves (Pastori and del Rio 1997; Jiménez et al. 1998) . Thus, the observed increases in the antioxidant defences in transformed tobacco plants could help to minimize oxidative damage and ROS production with age. However, this situation cannot prevent the oxidative membrane process in PG and Y leaves, where an increase in lipid peroxidation was produced, as previously described in maize and pea leaves under senescence conditions (Pastori and Trippi 1993; Pastori and del Rio 1994; Jiménez et al. 1998) . It seems that chlTGZ over-expression induces a slow but progressive cell degeneration in tobacco plants, with the chloroplast being the first cell compartment damaged. In spite of these alterations, the leaves, interacting as a whole, permitted plant growth and development. A cell-senescence effect has also been observed in animals and humans where TGase is over-expressed or its activity increased by other reasons (Lorand and Graham 2003) .
In summary, although in the young leaves of tobacco chloroplasts the over-expression of chlTGZ seems to be related to its own functionality in relation to polyaminylation of antenna proteins and thylakoid remodelling, the extended effect of this over-expression seems to induce an imbalance between capture and utilization of light in photosynthesis, changes in the photosynthetic electron transport chain (reflected in the chlorophyll fluorescence parameters) and increasing oxidative risk. Finally, these alterations result in a progressive cell degeneration effect in agreement with that observed in other organisms with TGases of non-plant origin. In order to include these progressive alterations into a senescence program, other experiments will be prepared to analyse the activation of senescence genes (SAGs) in transformed tobacco.
